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Executive Summary 

In 1980 the  SASA Advisory Council created the Solar System 
Exploration Committee (SSEC) to  formulate a long-range program 
of  planetary missions that was consistent with likely fiscal constraints 
o n  total program cost. T h e  SSK had ;IS its primary goal the 
establishment of a scientifically \lalid, affordable program that would 
preser\.e the  nation's leading role in solar system exploration. capitalize 
o n  o u r  two decades of investment. and be consistent with the 
coordinated set of scientific strategies developed earlier by the 
Committee on Planetary and I.unar Exploration (C:O%fPLEX). ;I part of 
the  Space Science Board of the National .kcademy of Sciences. 

T h e  result o f  the  SSEC effort was the design o f  a (:ore Program of 
planetary missions to be launched bv the year 2000, together with a 
realistic and  responsible funding plan. This Core Program consists of 
cost-constrained missions that address key scientific objectives. A 
hallmark of the Core Program set. which is defined in detail in 
Appendix I of this report, is that only two classes of spacecraft, 
Plan f tary  Obserivrs and Mariner Mark IIs ,  are  required to implement the 
en t i re  program. 

T h e  Planeta? O h s e r 7 ~  spacecraft a re  generally intended for inner 
planet and  lunar exploration and are characterized by focused flight 
ob.jectives. relatively few instruments. no scan platforms, and modest 
da t a  rates. T h e  Obs~r7v~r  spacecraft can be easily derived from existing 
Earth-orbital systems. T h e  ,VnriuPr Mark I I  spacecraft would have 
higher data rates, larger science payloads, and a scan platform. as 
well as a modular design that would be simply reconfigured from 
mission to mission. 

total costs for Mission Operations and Data Analysis (MO&DA) to $60 
In  developing the Core Program. the SSEC proposal constrained the 
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million per  year, recognizing as they did this that planetary mihion 
operat ions methods would have to be changed. 

T h e  SSEC established the Mission Operations and Information 
Systems (MOIS) Subcommittee in early 1983 to provide SSEC oversight 
of J e t  Propulsion Laboratory  PI.) efforts to achieve lower-cost mission 
operations.  In addition, the Subcommittee supported additional 
studies and  developments in such diverse areas as mission operations 
strategies, technology and resource requirements to implement lower- 
cost operations,  and  the scheduling interaction between ongoing 
missions, the SSEC Core Program, and the implementation of a “new” 
mission operations system. T h e  recommendations at the end of this 
summary  represent the primary output of the MOIS Subcommittee 
effor t .  

T h e  earliest planetary missions had a very simple operations phase 
because sequencing options were extremely limited and data rates were 
comparatively low. Later missions l ike  Viking and Voyager, however, 
had  powerful on-board computers (which provided sequencing 
flexibility) as well as a dazzling array of scientific instruments with high 
a n d  variable data rates. Large numbers of people, computer programs, 
a n d  procedures were necessary to achieve a balance between acquiring 
the  proper  quality and  quantity of scientific data and operating the 
engineer ing systems of the spacecraft in a prudent  way. 

with t h e J ~ L  team in a thorough survey ofthe ways in which spacecraft 
operations are  currently conducted, at JPLand other NASA centers, such 
as Ames, Johnson, and Goddard, and at non-NASA facilities in Europe 
( the  European Space Agencv (ESA) and centers in West Germany and 
England)  and the United States (Air Force Satellite Control Facility 
a n d  the  University of Colorado). Once the survey was complete, the 
Subcommittee and JPL turned their attention to the identification 
of  those ma,jor cost “drivers” that significantly influence overall 
operat ions costs. Since so many of these drivers are  science-related, a 
special science subgroup of the MOIS Subcommittee, consisting of 
scientists with considerable past experience as investigators. was 
created to ensure proper  assessment o f  the science issues. 

A computer  model was developed and validated to provide a 
reasonably fast. accurate method of estimating operations costs as 
functions of operations techniques and methods. As part of an ongoing 
ef for t  to reduce the cost of planetary operations, the J P L  Flight Prqjects 
Suppor t  Office (FED) provides multi-mission services to all the projects 
for  those operations functions that can be most cost-effectively 
per formed by a central organization. Additional savings can be 
achieved by expanding the role of the FPSO to include more activities 
l ike  image processing, maintenance of data records. and mission 
control.  Another important cost reduction activitv at JPL is the design 
a n d  development of a “new” mission control center, called the Space 
Flight Operations Center (SFOC). that will use new minicomputers, 
microcomputers.  remote terminals, and other modern techniques to 
reduce  the  number of people needed in operations. Identification 
of  the  ma.jor cost drivers affecting operations costs led to the 
establishment of a number of studv tasks. conducted bv the JPI. team 
with MOIS Subcommittee oversight. 

T h e  first ma,jor activity of the MOIS Subcommittee was to participate 
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T h e  first of  these tasks involved an  investigation of the ways in which 
J P L  could organize itself to conduct mission operations for the SSEC 
Core Program and how multi-mission o r  shared operations would 
fit into the various proposed organizations. Several different 
organizational structures were proposed, and three candidates were 
evaluated in detail. Based on several criteria, including the difficulty o f  
transition from the present JPL organization and the likelihood of the 
organization rewarding cost-saving suggestions, an organization was 
selected that creates a Planetar? Obser-iler and a Mariner Mark I I  program 
operations office (rather than individual project offices). Such an 
organization should be maximally efficient in the deployment of 
“shared” personnel: that is, people working on more than one 
spacecraft at a time. T h e  second task looked at spacecraft commonality 
a n d  was aimed at determining how the use of the same systems and/or 
subsystems on different spacecraft could reduce the overall MO&DA 
costs. This  task led to t w o  interesting observations. First. unless science 
instruments a re  also identical, having identical spacecraft subsystems is 
unlikely to reduce total operations costs by more than ten percent. 
Second, the real payoff from spacecraft commonalitv is in the 
reduction of. de\elopnient costs. which was not considered t o  be part of’ 
t h e  M O I S  Subcommittee pur\.iew. but is recommended for additional 
study. A third task was to determine which of the many proposed 
means of automation have the most potential for overall cost reduction. 
T h e  automation task identified six computer tools (out of 3 2  studied) 
that  have the potential f-or producing operations cost savings 
significantly greater than their development cost. Four of the tools are 
aimed at  automating the sequence development process and thereby 
reducing the number of people needed to d o  sequencing. T h e  other- 
t w o  automation tools that passed the cost-effectiveness test involved a 
telemetry monitor and fault analyst and a remote. non-interactive 
command manager. All the automation tools together have the 
potential to reduce the operations costs for a complex Mariner Mark I1 
mission by as much as ten percent. T h e  purpose of the fourth task was 
to determine the way in which the adoption of specific data system 
standards for  planetary missions could simplify the operational 
activities. This  study explored the cost benefits that might accrue if the 
operational data and the processes for handling data during mission 
operations were designed to conform to a set of standards. Seven data 
system standards were considered in the task. including such areas as 
packet telemetry and the use of a standard format data unit. T h e  
results o f  the task showed that although it is not possible to quantify, in 
terms of  a percentage reduction in overall operations costs, the degree 
to  which use of the standards would reduce the expense of operations, 
i t  is clear that  use of the standards would result in increased 
operational efficiency, enable more automation for routine activities, 
allow for  more sharing of personnel and equipment between missions, 
a n d  simplify many of the operational activities. 

T h e  science subgroup of the MOIS Subcommittee considered a wide  
range  of topics before selecting several areas of concentration based 
o n  maximum potential to reduce overall operations costs. T h e  areas 
selected included: ( 1  ) the process by which the investigations and 

1 

I 
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investigators are  selected for participation in the missions; (2) the way in 
which scientists are involved in the operations themselves; (3) image 
processing costs; (4) sequencing costs; ( 5 )  the process by which 
Supplementary Experiment Data Records (SEDRS) are  provided to the 
investigators dur ing  a mission. For example, science proposals are  
currently written against a spacecraft design included in the AO 
(Announcement  of Opportunity), but no operational impacts of an 
experiment are considered until after the selections have been made. 
Requiring potential investigators to also propose against a mission 
operation system would be a significant step toward bounding 
operational costs. As another example, SEDR costs are,  in the opinion of 
t he  scientist subgroup, much higher than thev need to be because the 
da t a  a r e  not provided in a timely and accurate manner. In addition, 
many unnecessary parameters are provided to each investigator 
because the project SEDR contains all parameters requested by all 
investigators. One  suggested way to reduce SEDR costs is to distribute 
the  SEDR generation process and give each investigator the capability 
of producing his own SEDR. Additional study of this activity is 
recommended.  

After all the specific study tasks were completed, the MOIS 
Subcommittee and  the JPL study team worked together to synthesize 
the  results of the tasks. To assist in this synthesis, the operations cost 
computer  model was exercised in a parametric mode to determine the 
estimated annual operations costs for the Core Program Missions using 
present ( that  is, Voyager and Galileo) operations technology. T h e  results 
were not surprising; they indicated that the MO&DA costs would 
prohibitively exceed the target 360 million per year. Next, the model 
estimated the average annual operations costs for the Core Program 
assuming: ( 1 )  successful implementation of SFOC and the expansion of 
the  multi-mission role of FPSO; (2) use of shared operations; 
(3) implementation of the six automation tools identified in this report; 
(4) personnel productivity increases due to a n  efficient organizational 
s t ructure  that allows a normal ‘‘learning’’ process to occur. It is clear 
tha t  when the above methods and techniques are implemented, total 
operations costs for the SSEC Core Program can be considerably lower 
than  $60 million per year. 

T h e  MOIS Subcommittee concluded its activities by developing a set 
o f  recommendations. These recommendations are based on two kinds 
of conclusions: those directly derived from the specific study tasks 
performed during the effort, and those that were more general and 
qualitative in nature. 

T h e  specific recommendations were as follows: 

1. T h e  SFOC development and the FPSO plans to accommodate 
additional multi-mission tasks should become high-priority projects, 
a n d  a regular set of reviews should be established to ensure their 
timely completion. 

2 .  NASA and JPL should continue to move rapidly to establish an 
organizational structure for the SSEC Core Program that merges each 
family of spacecraft into a single program office. 
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3 .  NASA and JPI. should continue a vigorous effort to implement 
automation tools that result in lower total M08cDA costs. 

4.  T h e  current  data system standards activity should be continued and 
extended to  other  areas where data standards might lead to additional 
operational simplification. 

5. T h e  operations cost computer model that permits fast, accurate 
estimation of  operations costs should be maintained and updated as 
required and  used regularly. 

T h e  general  recommendations were as follows: 

I .  Regular independent reviews of all categories of mission operations 
costs should be continued to stimulate the  identification of further 
cost-saving methods and technologies. 

2 .  A study should be initiated to identif-y specific means by which 
the  operations staff and activities can be “incentivized” to provide 
motivation for finding additional ways to reduce costs. 

3 .  All Announcements o f  Opportunity for planetary missions should 
include operations plans and system definitions so that investigatoi- 
proposals can respond to them as well ;IS to the spacecraft descriptions. 

4. NASA should consider creating a way by which planetary mission 
operations d ~ - i d o p r n ~ n t  costs for the SSEC Core Program can be reviewed 
systematically to identify additional program cost reductions. 

5 .  A study should be undertaken to review the present SEDR 
generation techniques and to analyze alternate, more cost-effective 
ways of performing the SEDR function. 

6. NASA should investigate the benefits of conducting mission 
operations for the simplest spacecraft at  universities o r  NASA centers 
o the r  than JPL. 

ORIGINAL PAGE E 
OC POOR QUALITY 
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T h e  exploration of the solar system by spacecraft has now spanned 
m o r e  than two decades and produced an avalanche of exciting 
discoveries and a wealth of data. More than two dozen unmanned 
spacecraft have transformed our  view of the planets from one of 
shimmering,  telescopic images to one of crisp, global perspectives. 
T h e s e  new worlds amaze us with their beauty and awesome landscapes. 
which a re  the products of powerful. complex forces. 

Dur ing  the 20 years from the first Mariner flyby of Venus to the 
second Vo3ager encounter with Saturn, robot craft visited every planet 
known to ancient peoples, from Mercury to Saturn.  Most of these 
spacecraft  were launched by the United States, bearing such names as 
L u n a r  Orbiter, Ranger,  Surzleyor, Pioneer, Mariner, Viking, and \'oyager. 

As the  planetary program has become more sophisticated, the actual 
planning of missions has progressed from a simple survey of available 
launch vehicles and  tracking stations to careful, detailed analysis of 
t h e  scientific goals and objectives of a set of planetary missions. T h e  
missions of  the 1970s, including Viking, Pioneer Venirs, and Voyager, 
were designed as an integrated set by the Lunar  and Planetary 
Missions Board. Missions in the 1980s were based upon a coordinated 
set of scientific strategies developed by the Committee on Planetary 
a n d  Lunar  Exploration (COMPLEX), a part of the Space Science Board 
of the  National Academy of Sciences. T o  respond to the COMPLEX 
recommendations for the 1990s in a way that was consistent with 
changing  fiscal conditions, the NASA Advisory Council in 1980 created 
t h e  Solar System Exploration Committee (SSEC) to formulate a long- 
range  program of planetary missions. 

at  ensuring that the nation could preserve its role in solar 
system exploration and  capitalize on its two decades of investment. 
T h e  SSEC took a fresh approach to planning, with its main goal being 
the  establishment of a scientifically valid, affordable program of 
planetary exploration that was consistent with the scientific strategies 
outlined by COMPLEX. To achieve this goal, the  SSEC emphasized 

T h e  SSEC undertook a re\.iew of the L'.S. planetary program aimed 

:* . 
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Figure 1. Funds Required for Core Program 

overall program cost, rather than the cost of any individual mission, 
a n d  encouraged the development of lower-cost, more innovative 
implementation approaches. One  of the primarv areas singled out bv 
the  SSEC for  cost reduction was mission operations. 

planetary missions to be launched by the year 2000 and a realistic and 
responsible funding plan to accompany the Core Program. T h e  Core 
Program Mission set is identified in Chapter 3 of this report and is 
discussed in detail in Part One  of the SSEC Report, Planetary Exploration 
Through Year 2000. T h e  budget projections for this recommended set 
of  missions a re  shown in Figure 1. In order  to perform the proposed 
missions within the allocated budgets, the SSEC constrained the total 
costs for  Mission Operations and Data Analysis (MO&DA) to $60 million 
per year, recognizing as they did this that the constraint implied a 
significant, but achievable, change in the way planetary mission 
operations were conducted. 

T h e  SSEC recognized that mission operations cost growth has been 
compounded by several factors, including but not limited to: ( 1 )  the 
need to develop essentially unique operations and information systems 
for  each planetary mission; (2) gradual antiquation of existing ground 
data  systems that are  characterized by labor-intensive operations and 

T h e  SSEC deliberations produced both a Core Program set of 
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high maintenance costs; ( 3 )  insufficient end-to-end analysis of the 
complexities of  deep  space mission operations, including the handling 
of large volumes of data from many instruments. 

p rograms.  suggested that a multi-mission operations system might be 
o n e  way to significantly reduce overall program costs. T h e  Committee 
noted  that  work was already under way a t  JPI. to develop multi-mission 
methods and  technologies that might permit achievement of the Core 
Program Missions within the MO&DA budget assigned by the 
Committee.  From the early results o f t h e  work a t  ,]PI.. the SSEC had 
de\-eloped confidence that the M O ~ D A  cost problem was tractable. 

To assist in the definition of lower-cost methods f o r  planetary 
ni i ss i o n operations . t he  SSEC est ;i bl is lied the hl i ssio r i  Operation s and 
I n format ion S ys tern s (MOI S) Su bcom ti1 i t tee. T h e  overall f‘ri nct ions of 
t h e  MOIS Subcommittee Lvere t o  pro\-ide ii critical assessment of’ciirrent 
e f fo  1-t s to ac h ie 1 e lower-cos t mission opera t i o t i  s. t o  recon1 me nd a reas 
fo r  fu r the r  studies and  de\.elopnient. and t o  provide SSEC oversight of 
ongoing  J P I .  activities in these areas. 

A m o n g  the  areas in which the MOIS has gathered information and 
is providing both assessments and  recommendations to the SSEC 
a re :  ( 1 )  current  and  proposed organizational arrangements and 
management  structures for conducting planetary mission operations; 
(2) mission operations objectives. priorities. implementation plans, and 
strategies: (3)  impact of the SSEC Core Program on the schedule and 
requirements of  any “new” mission operations system; (4) both 
technology and  resource requirements to implement lower operations 
costs; (5) possible alternative approaches t o  lower-cost systems. 

T h e  specific scope assigned to the M O I S  Subcommittee involved those 
items that comprise the MO&I)A budget. This budget co\.ers all 
t h e  costs of operating planetary spacecraft after launch, including data 
distribution to  scientists and preparation of science reports. There  
a r e  two significant cost areas generally associated with operations that 
a r e  not included in the MO&DA budget and hence were not considered 
to be part of the  MOIS Subcommittee purview. These two areas are  
preparation of science data for distribution and  archiving. and the 
mission operations prelaunch development budget, which includes, 
a m o n g  o ther  things, the design, test, and validation of the ground 
software system used dur ing  operations. Methods of reducing costs 
in these areas a re  clearly worthy o f  studv. 

T h e  SSEC. cognizant o f  the success of t h e  iLJ~rir7c.r and P i o r i p p y  
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2. Planetarv Mission Onerations 

For  the  earliest planetary missions, the operations phase was very 
simple. Generally, there was a predetermined sequence, designed at 
t he  same time as the spacecraft, that was thoroughly tested during the 
system test phase. Only minimal changes in the sequence were allowed 
once the  mission was launched. With the advent of powerful on-board 
computers  and  more complex missions, however, the number of real- 
t ime commands that could be executed by the spacecraft became very 
large.  This  has created a concomitant need for an advanced mission 
operations process on the ground to decide how the spacecraft and its 
instruments  would be used. 

Both Viking and V o y a g u  were extremely complex, sophisticated 
missions carrying a dazzling array of scientific instruments. T o  operate 
these spacecraft safely and proficiently, a mission operations process 
was designed that attempted to balance acquiring the proper quantity 
a n d  quality of science data with operating the engineering systems of 
t h e  spacecraft in a prudent  way. 

T h e  mission operations for both Viking and Voyager were 
extraordinarily successful: they were also very expensive. This 
experience has prompted the search for ways to conduct operations 
tha t  a r e  less expensive without sacrificing the scope and flexibility 
required by modern missions. 

mission operations process originated from the Viking and/or Voyagu  
activities. For a planetary mission, the term operations is usually defined 
as the  collection of people, procedures, computer hardware and 
software,  and analysis techniques used to send commands to the 
spacecraft and  to both receive and evaluate spacecraft data sent to 
Earth.  Essentially, then, there a re  two major parts to the operations 
process: uplink,  which is the set of activities associated with defining 
t h e  proper commands, putting them into sets of commands called 
loads, and  transmitting these loads to the spacecraft; and downlink, the 
set of activities that begins with the receipt of data by a ground station 
a n d  ends  with the systematic analysis of subsystem health and delivery 
of  all required data to the scientific investigators. 

Figure 2 is a general schematic of the principal components of the 
operations process. T h e  uplink activity is shown across the top and the 
downlink is shown on  the bottom. T h e  uplink can be divided into three 
major  functions: ( 1) determination by the scientific investigators of 
what observations they can acquire and would like to make during a 
given time period (mission analysis and science planning); 
(2) conversion of these science desires into commands to be sent to the 
spacecraft (sequencing); (3) actual command of the spacecraft. 
Similarly, the downlink can be divided into three major functions. T h e  

Many of the fundamental terms and definitions used to describe the 
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Figure 2. Generic Model of Mission Operations Process 

first is da ta  receipt o r  capture. which refers to the physical process of 
actually ensuring that the data transmitted by the spacecraft have been 
properly received on Earth. Data processing and distribution covers 
t h e  activities necessary to separate the  data into subsets which a re  then 
provided to the engineering subsystem analysts and scientific 
in\,estigators. T h e  third downlink function involves actual analysis of 
t h e  da ta  by the  elements of the flight team to determine the health and 
operat ing characteristics of the components of the spacecraft. and by 
scientific investigators to assure the validity of subsequent sequences. 
In  fact, a portion of this analysis is done in real time, but most of i t  is 
d o n e  after the  data processing and distribution have been completed. 
Note that detailed scientific analysis is not considered part o f t h e  
downlink process and is not considered in this report. 

Several o ther  definitions are important for the reading of the rest of 
this report .  T h e  Space Flight Operations Center (SFOC:) is the "nelv" 
mission control center which is currently being designed and developed 
a t  JPI. a n d  which will be operationally certified by 1988. Two of its most 
significant features a re  the  use of new and modern minicomputers and 
microcomputers and  the ability to accommodate remote work stations. 
T h e  Flight Projects Support  Office (FPSO) is the organization at JPL. that 
manages the  multi-mission operations functions and pro\,ides them to 
t h e  flight projects. 

A planetary mission is said to be in its cruise phase if i t  is traversing 
t h e  space between two target bodies (or Earth and a target body) and is 
acquiring only a limited amount of scientific data. T h e  ~ncounter  phase 
of  a planetary mission is the  high-activity phase surrounding the 
spacecraft's closest approach to one of the target bodies of its mission. 
Encounter  also includes orbital operations. 
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3. SSEC Core Program Missions 

When the Solar System Exploration Committee (SSEC) was formed i n  
1980. its primary purpose was to address a growing concern over the 
viability of the planetary program. Working with the science 
community.  the SSEC took a fresh look at the program, reviewing its 
goals, identifying those attributes that would ensure its viability. and 
proposing approaches to reduce the costs of the planetary program. 
T h e  Committee endorsed three long-standing goals of the program 
a n d  added a fourth.  These goals are  as follows: 

I .  To continue the scientific exploration of the solar svstem in order  to 
comprehend its origin. e\,olution. and present state. 

2 .  To gain a better understanding of Earth by comparative studies o f  
o the r  planets. 

3 .  To understand how the appearance of life relates to the chemical 
and  physical history of the solar svstem. 

4.  To survey the resources available in near-Earth space in order  to 
develop a scientific basis for future utilization of these resources. 

I t  was apparent  to the SSEC participants that the present program 
had  become too expensive in its pursuit of this challenging array of 
objectives. In fact, individual missions had become so complex and 
costly and  so dependent  on  enabling technologies that new planetary 
projects were no longer being approved. and existing pro,jects were 
encounter ing serious delays. To break the vicious circle of deferred 
approval,  leading to higher mission cost. leading to further deferral. 
and  to establish a stable base of continued mission activity. the SSEC 
recommended the concept of a Core Program. This Core Program 
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would consist of coordinated low-cost missions that addressed key 
scientific ob.jectives. These missions would be clearly defined from the 
outset  and  would employ new technologies only when their potential 
fo r  reducing cost was clearly demonstrated. T o  implement such a 
program only t w o  classes of spacecraft design were recommended: 
( I ) Planetar? Obsfr-iwrs; ( 2 )  Mariner Mark 11s. 

t h e  inner  planets and  small bodies, including Venus, the Moon, Mars, 
near-Earth asteroids, and comets. These Planetary Observers were  to be 
derived from existing Earth-orbital spacecraft systems; they would not 
have scan platforms and  would carry relatively few instruments (four 
to seven per spacecraft) which would address focused flight objectives, 
such as global geochemical surface mapping. They would make only 
modest demands on  tracking capabilities, and only modest data rate 
capability (less than ten kilobits per second) would be allowed. A 
development cost goal of $ 1.50 million to $200 million (FY I984 
dollars) per flight system was projected as being consistent with these 
des  i g n object i ves . 

T h e  Mariner Mark IZ class of spacecraft is characterized by a new 
modular  design which could be simply reconfigured from mission to 
mission. Its application is envisioned for outer planet exploration as 
well as higher-level small body investigations, such as extended 
rendezvous and  stationkeeping at  comets and asteroids. These Mariner 
M a r k  ZZ spacecraft would have larger science payloads (seven to 12 
instruments  per  spacecraft), include a scan platform, and provide data 
r e tu rn  rates of u p  to 50 kilobits per second. A development cost goal of 
S250 million to 5300 million (FY 1984 dollars) per spacecraft was 
expected for  these systems. 

SSEC recommended maximum usage of existing hardware spares and 
duplicates from previous programs such as Viking, Voyager, and Galileo, 
as  well as from available Earth-orbital systems. N e w  technologies and 
associated subsystem designs were only to be applied when a clear cost 
benefit could be demonstrated. At the program level, several additional 
constraints were imposed by the SSEC to bound the Core Program. 
Specifically, a plan encompassing all launches before the year 2000 was 
imposed,  and  annual funding was to be limited to $300 million (FY 
1984 dollars), plus o r  minus ten percent. 

With these definitions and constraints, a set of I 1  Core Program 
Missions was evolved through an extended process of definition, 
assessment, and iteration, including review by a broad representation 
o f  members  of the science community. The selected missions a re  
presented in Figure 3, along with the spacecraft class designated for 
each mission. T h e  first three missions listed are  of the earliest priority, 
to be performed in the order  shown, with the approximate launch 
dates  indicated. Note that they include an inner planet, small body, 
a n d  ou te r  planet mission. T h e  comet Wild 2 has recently been selected 
as the  rendezvous target for the Comet RendezvouslAsteroid Flyby (CRAF) 
mission. T h e  remaining eight missions are proposed at this time in no  
particular order ,  but a re  all intended to be launched by the end of the 
century.  Brief descriptions of each of the Core Program Missions are 

T h e  Planetar?; Obser-cw spacecraft are  intended for the exploration of 

In  initiating the Planetary Obserufr and Mariner Mark IZ missions, the 
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INITIAL MISSION SET SIC CLASS LAUNCH 
Mars Geoscience/Climatology Orbiter Planetary Observer 1990 
Comet Rendezvous/Asteroid Flyby Mariner Mark I1 1990 
Saturn Orbiter and Titan Probe Mariner Mark I1 1993 

SUBSEQUENT MISSION SET SIC CLASS TARGET 
Lunar Geoscience Orbiter Planetary Observer Inner Planets 
Venus Atmospheric Probe Planetary Observer Inner Planets 
Dual Mars Aeronomy and Network 01 i t e rs  Planetary Observer Inner Planets 
Earth- Approaching Asteroid Rendezvous . Planetary Observer Small Bodies 
Comet Atomized Sample Return Planetary Observer Small Bodies 
Main Belt Asteroid Multiple Orbiter/Flyby Mariner Mark I1 Small Bodies 
Saturn Flyby/Probe Mariner Mark I1 Outer Planets 
Uranus Flyby/Probe Mariner Mark I1 Outer Planets 

Figure 3. Core Program Mission Set 

included in Appendix I.  Detailed mission descriptions for each of these 
missions, including operations profiles, communications timelines, and 
data  requirements can be found in JPL Report No. D- 1703, Lower-Cost 
Operations for Planetary Exploration: Report for the Missiofl Operations and 
Information Systems Subcommittee, August, 1984. 

In  o r d e r  to  assess the MOIS requirements to support  this set of Core 
Program Missions and to formulate a cost-effective plan for 
implementing those requirements, it is necessary to cast the full 
mission set into a mission model. Such a mission model, though by no 
means absolute, can be representative of the time-phased loading of 
mission operations activities, and can thus provide valuable insight into 
the  formulation of  an effective MOIS plan to match Core Program 
needs. T h e  baseline mission model evolved for the subject MOIS 
assessment is presented in Figure 4. T h e  model begins in 1988 with 
several already approved missions which precede the Core Program. 
These  include the Voyager Neptune Flyby, the Galileo Jupiter Orbiter] 
Probe, the  Venus Radar Mapper, and the Ulysses mission (formerly the 
International Solar Polar mission). T h e  remaining 12 launches are  Core 
Program Missions. Note that two Main Belt Asteroid Rendezvous missions 
a r e  included in the model. This change is the result of the desire to 
provide a n  adequate number of asteroid rendezvous targets, while 
preserving a completely “ballistic” mission model. 

with project start (S) and including system test (T),  launch (L), 
encounter  (E), and,  when appropriate, Earth return (R). T h e  last 
launch actually occurs at the beginning of 200 1. Mission encounters 
continue through 2008 for the last asteroid rendezvous mission. This 
model is the key to the determination of additional operations 

For each mission presented in Figure 4 a timeline is given, beginning 
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Figure 4. Baseline Mission Model 

development requirements and manpower staffing requirements, 
as well as the trade-off studies that were conducted to assess the cost- 
effectiveness and sensitivity of the proposed MOIS plan for the Core 
Program. 

description of  the mission model. T h e  SSEC has also recommended 
a set of more complex, more capable, and more expensive 
“Augmentation” Missions. These missions include a Mars Sample 
Return, a Comet Nucleus Sample Return, and several outer planet 
initiatives. I t  is the intent of the SSEC that these missions augment, or 
be a d d e d  to, the Core Program as resources and opportunity avail 
themselves. T h e  scope of the MOIS Subcommittee’s charter and 
subsequent assessments does not include any of these augmentations to 
t h e  mission model, although it is clearly recognized that such additions 
may have an impact on mission operations. For the moment, it has 
been assumed that the impact would be addressed on a case-by-case 
basis if a n d  when such augmentations actually occur. 

O n e  additional point must be mentioned in concluding the 
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4. Subcommittee Activities 

O n e  o f  the  most important functions of the MOIS Subcommittee was 
the  assessnient of methods by which the operations costs of the Core 
Program set of  planetary missions can be reduced. To meet this 
ob,jective. i t  was first necessarv for the Subcommittee to understand the 
fundamental  tenets of the  operations processes that have been used at  
J P L  a n d  o ther  mission control centers to fly planetary missions in the 
past .  A key element of this understanding involved the identification 
of  those major cost drivers that significantly influence the overall cost 
of  planetary mission operations. Once the most important cost drivers 
had  been identified. the major thrust of the Subcommittee activity was 
participation in the definition and re\.iew of results of trade studies. 
conducted by J P I .  personnel. that were aimed at identifying changes 
that  could be made in the operations process t o  reduce cost without 
m eas ti ra bl v i ncreas i ng risk . 

in formation-gathering process. Mission operations costs for expensive 
missions l ike Vikiri,g, Voyager. and the upcoming f;nli/eo were studied. 
a long  with costs for  simpler missions like Pionrrr, ,Mariner v e n w -  
iLlfr-ciir;y, and  the proposed MGCO (Mar,? f ~ ~ ~ . ~ c i e ? i c f ~ l f ~ l i t n ~ t o l o ~ g ?  Orbiter). 
O f  considerable importance in this effort was learning the way that 
J P i .  breaks down mission operations costs. T h e  uplink and downlink 
acti\.ities associated with operations are  divided. in the JPL system. into 
several different subtasks or groupings as shown in Figure 3 .  Spacecraft 
planning and  analysis. for example. covers both the uplink and 
downlink activities related t o  the calibration. use. and health o f  the  
engineering systems on  the spacecraft. T h e  JPI .  system of accounting 
for  costs in operations also splits out  those functions that a r e  funded 
on a multi-mission basis by the Flight Projects Support Office (FPSO) 
f rom those operations functions funded b y  each individual project. 
T h e  di\-ision of responsibility between the FPS<) and the indi\.idual 
project for  ;I typical project like &ililoo is also sholvn in Figure 5 .  

of mission operations were costed by JPL, they studied other  
organizations and  facilities that were engaged in operations activities 
similar to those at  JPL. Fact-finding trips to NASA centers (Goddard, 
J o h n s o n ,  and  Ames), Air Force operational facilities, and  even 
European  agencies (ESA and agencies in West Germany and  England) 
were made so that the Subcommittee could understand different 
techniques that were being used to flv space missions. T h e  space 
missions studied covered the entire gamut of complexity, from the 
Space Shuttle to the Solar Mesosphere Explorer operated by the University 
of  Colorado. An important part of this fact-finding effort was 
understanding the  mission requirements and spacecraft designs 
for  these missions and  the way these requirements established the 
design and  complexity of the mission operations. In addition. the 

T h e  first phase of  the Subcommittee activity was primarily an 

Once  the  Subcommittee understood how the fundamental functions 
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Figure 5. Major Operations Tasks 

Subcommittee carefully reviewed the plans under  way at JPL for the 
development of the new Space Flight Operations Center (SFOC) and the 
t ransfer  of  additional functions to FPSO. 

O n e  of  the major tasks performed by the JPL study team under the 
aegis of  the Subcommittee was the development of a computer model 
f o r  studying mission operations costs. Early in the activity, it was clear 
that  there  existed no  reasonably accurate, reasonably fast method for 
calculating total operations costs as a function of the defining 
parameters of a mission and the way in which operations were 
conducted.  Such a model was deemed essential for the business of 
t h e  Subcommittee, for without it there was no  way the Subcommittee 
could understand the total cost changes which would result from a 
proposed set of amendments to the way operations were being planned. 
T h e  cost estimating model was developed and validated as part of the 
Subcommittee activity and was then used to quantitatively substantiate 
some  of the recommendations made by the Subcommittee. A brief 
description of the model appears in Appendix 11. 

Once  the information-gathering effort was essentially complete and 
t h e  Subcommittee had commissioned the development of the computer 
model to assess operations cost as a function of a host of mission 
variables, the Subcommittee, working with the JPL study team, began to 
isolate those critical cost drivers that play a ma.jor role in determining 
total mission operations costs. It became clear very quickly that many 
cost drivers were associated with the science element of the operations. 
As a result, a special science subgroup of the MOIS Subcommittee was 
established to study in detail the primary science issues that impact 
operations costs. T h e  findings of this subgroup are  contained in 
Chap te r  6 of this report. 

For  the  rest of the critical cost drivers, a group of study tasks o r  
t rade  studies was defined, the output of which was designed to 
compare  the costs and risks of several different ways of conducting 
mission operations. T h e  next section of this report  discusses each of 
t h e  ma-jor trade issues, and the penultimate section gives a synthesis of 
t h e  significant results from the trade studies. 

21 
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5.  Major Studies 

T h e  primary thrust of- the MOIS Subcommittee was the identification of 
study tasks, to be carried out by the JPL team and reviewed by the 
Subcommittee. that seemed to have the largest potential for reducing 
M08rDA costs. T h e  first of these tasks involved an investigation of the 
ways that JPL could organize itself to conduct mission operations for 

Core Program and how multi-mission o r  shared operations 
t into the different proposed organizations. T h e  second task 

was called spacecraft commonality and was aimed at determining how 
the  use of the same systems and/or  subsystems on different spacecraft 
could reduce the overall MCNDA costs. 

automating the business of mission operations had the most potential 
fo r  overall cost reduction. T h e  purpose of the fourth task was the 
determination of the way in which the adoption of specific data system 
standards for planetary missions could simplify the operational 
activities. T h e  major results of each of these tasks are contained in 
subsequent sections of this report. 

Organization 
T h e  study team visited several other mission control centers to learn 
about  t he  ways in which these organizations were conducting mission 
operations and to understand whether any of these different modes of 
organizing for  operations might offer significant advantages to,lPL.. 
T h e  centers visited were Johnson, Goddard, and Ames of NASA,  the 
Air Force Satellite Control Facility. and the European and German 
Space Operations Centers. 

T h e  visits resulted in the following observations: 

1 .  For those operations functions common to a l l  centers. namely real- 
t ime mission control. telemetry processing. satellite monitoring. 
command transmission, and some routine navigation functions. the 
study team found no  significant difference in staffing levels from 
center  to center. 

2. Most of the  other centers placed as much of the operation as 
possible in a single multi-mission operations organization. 

3. T h e  more complex planetary missions have several unique facets, not 
found in most Earth-orbiting missions, which add significantly to the 
operations staffing requirements. For these missions, which feature 
se\,eral complex science instruments with competing requirements 
integrated into a single spacecraft, additional staffing is necessary due  to: 

t he  large amount of science and  mission planning required: 

long communication distances; 

A third task was to determine which of the many proposed means of 
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spacecraft fault detection and correction capabilities: 

in many cases, only a single limited opportunity t o  acquire the 
most important scientific data. 

T h r e e  separate candidate organizational structure options for 
conduct ing planetary mission operations at  j P L  were analvzed. These 
opt ions were then compared based on  the criteria of whether o r  not 
t h e  organization defined provided the proper incentives for choosing 
to do the “right things” as well as the capability for actually doing 
them.  For example. i t  is important that the organizational structure be 
o n e  which provides strong incentives to apply inheritance from 
previous and  ongoing prqjects in the selection of spacecraft systems. 
ope ra  t i o 11 a 1 fac i 1 i t  ies . person n e I ,  proced 11 res . and soft ~ v a  re. T h e  
o r g a n i z a t ions s h o ti 1 d 21 1 so en  co t i  rage the s h a r i 11 g o f fac i I i ties a n d 
people which. dur ing  “slow” mission phases o f  ;I single pro,ject. would 
he  rinderiitilized. 

Option I ,  shown in Figure 6. is the current organizational arrange- 
ment  a t  JPI.. Each Prqject Manager has ii Mission Operations Svstem 
(MOS) organization which is staffed and funded to develop the 
capability needed to carry orit pro,ject-peculiar operations functions. 
hlulti-mission services are  supplied by a separately funded Flight 
Projects Support  Office (FPSO) which is organizationally at  the same 
level a s  each o f  the Project Offices. Multi-mission services are those 
that  can be provided by facilities and staff that are,judged to be 
acceptably common to t w o  o r  more prqjects. 

T h e  second option (Figure 7) is a variant of the first which groups 
together  similar projects into Program Offices to utilize the benefits of 
their  commonalities. Csing the SSEC Core Program as a basis, this 
opt ion natrirally results in a single Plnnctary Ohser-ilpr Program Office 
a n d  a single izluviiirr ,Mark 11 Program Office. This organizational 
s t ructure  still retains the FPSO. A third option, shown in Figure 8, goes 
a step fur ther  and creates a single dedicated Flight Operations 
organization by combining all of the MOS operations functions and 
personnel for all the programs into a giant FPSO. 

Both the J P L  study team and the MOIS Subcommittee believe that 
Opt ion  ‘2 is the best of the three for the SSEC Core Program. I t  is not ;I 

radical depar ture  from the current JPL arrangement and is therefore 
relatively straightforward to implement. What is more important, each 
program office is responsible for a single mission class and a single 
spacecraft  type. The re  is, therefore, ample opportunity to carry out 
cost-saving trade-offs involving spacecraft systems and operations as 
well as the incentive and capability for taking the appropriate actions. 
Some of the  more obvious advantages of this organization a re  as 
follows: 

1.  T h e  responsibility and authority for project management resides 
with the  Program Manager, who is motivated to optimize a series of 
pro.jects ra ther  than each project individually. Responsibility for this 
series of projects also makes planning more prominent. 

2. T h e r e  is an incentive to keep pro,ject costs low, assuming that the 
savings a re  kept within the program, to permit extended missions and 
the  s tar t -up of new pro.jects. 
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. ‘. 
3.  T h e r e  is an  incentive to maximize spacecraft commonality because 

this reduces both spacecraft development and operations costs. This 
will be discussed fur ther  in the section entitled “Spacecraft 
C o m  monali ty . ” 

4. Because the same people will perform the flight operations for all 
similar missions, the operations team will already be experienced even 
a t  t he  beginning of operations for new projects. 

hardware  and  software, thereby reducing MOS development costs. 

operations.” Shared operations involve the use of a single team of 
operat ions personnel and  common facilities for several missions flying 
a t  t he  same time. I t  provides an ideal opportunity to reduce the 
“taximeter” effect that occurs during the less demanding mission 
phases, when Project Managers a re  forced to retain personnel they d o  
not currently need i n  o rder  t o  be staffed f o r  future high-acti\ irv 
phases such as encounters. 

T h e  cost assessment models developed during the MOIS Subcommittee 
effor t  a r e  not able to yield precise quantitative data about cost 
reductions resulting from organizational changes. They have, however, 
been applied to proposals for greatly increased multi-mission or  shared 
operational activity, which is one  of the natural outgrowths of the 
suggested organizational changes. I f  shared operations are  pushed to 
their  limit for two identical spacecraft, i t  appears likely that the cost of 
flying two spacecraft would only be 1.4 to I .6 times the cost of flying a 
single spacecraft. 

Finally, although the MOIS Subcommittee was not asked to assess the 
development aspects of mission operations, it should be mentioned that 
the  Option 2 organization may result in substantial savings during the 
ope  rat  i o n s development activity , p r i ma ri I y because the organ i za t i on is 
s t ructured to encourage interaction between operations personnel and 
development personnel working on similar missions and spacecraft. 

5. T h e r e  will be a strong tendency to maintain standard operations 

6. T h e  organization will foster the natural development of “shared 

Spacecraft Commonality 
Under  this task, the JPL study team and the MOIS Subcommittee assessed 
the MO&DA cost savings that would be realized if two o r  more spacecraft 
or major spacecraft subsystems were identical. As part of this task, the 
reduction in costs d u e  to specific identical subsystems and/or identical 
scientific instrument packages was also analyzed. Both hardware and 
software commonality were considered. Although the substantial 
savings that would result during the development of the spacecraft and 
its operational system were not assessed (development was outside the 
purview of the MOIS Subcommittee), the impact of spacecraft 
commonality o n  the MO&DA costs alone can still be considerable. 

T h e  greatest value of spacecraft commonality in the reduction of 
MO&DA costs comes from the Mariner Mark ZI class of missions in the 
SSEC mission model. This occurs because of the substantial overlap in 
the  Mariner Mark ZZ missions. T h e  schedule for the SSEC Core Program 
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Figure 9. Cruise Operations, Potential Savings, Using Two Duplicate Spacecraft 

Missions shown in Figure 4 indicates that over a period of about 12 
years there  a re  cruise and encounter overlaps for the Mariner Mark II 
spacecraft. For t w o  Mariner Mark II spacecraft in cruise, assuming no 
o ther  cost savings, the use of identical spacecraft means that the total 
MO&DA cost for the two spacecraft can be reduced by four percent. If 
the science instrument packages were also the same, another ten 
percent of  the total cost of operating the two spacecraft could be saved. 
T h e  individual elements whose costs could be reduced are  shown in 
Figure 9. T h e  use of common spacecraft noticeably lowers the costs 
associated with both spacecraft analysis and sequencing. 

Encounter operations for Mariner Mark I1 spacecraft can also be 
accomplished more inexpensively when identical spacecraft are being 
flown. As graphically illustrated in Figure 10, the total MO&DA cost for 
two spacecraft in encounter operations can be reduced by as much as 
nine percent. T h e  figure also illustrates the substantial cost reduction 
(as much as another 12 percent) that would come from using duplicate 
science payloads. Although duplicate science payloads may not be 
possible d u e  to the diversity of missions, commonality of science 
instruments should be considered a viable way to reduce mission costs. 
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Automation 
Many aspects of mission operations are labor-intensive, and significant 
cost savings could be realized if some functions were more fully 
automated.  Automation has always been a vital part of mission 
operations,  but the advent of minicomputers and microcomputers 
has  changed the environment in which automation is implemented. 
Functions that were formerly impractical or too costly to perform on 
mainframe computers may now be amenable to automation in the 
more  flexible microcomputer environment. T h e  various functions 
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performed during mission operations were therefore reexamined to 
determine how existing tools might be improved and what new tools 
might be developed in order  to reduce costs. 

all aspects of the MOS were systematically examined. Tasks were 
identified which could be more fully automated and tools that might 
perform these tasks were tentatively proposed. After merging tools 
where appropriate,  the manpower reductions that would result from 
the implementation of each potential automation tool were estimated 
as a function of mission phase. T h e  reductions were then compared 
with the SSEC mission model to obtain a time profile of the potential 
cost savings. Such savings must be balanced against the estimated costs 
of implementation, which are  much more uncertain and subjective. 
T h u s ,  for  each automation candidate, software development costs, as 
wel l  as computer operations and software maintenance costs, were 
estimated. As a result of this process, six automation tools out  of 32 
originally considered were thought to have significant potential for 
reducing operations costs. Most of the tools are  directed toward 
streamlining sequencing, which is now a highly iterative and labor- 
intensive process. 

To determine areas where increased automation might be beneficial, 

T h e  automation tools identified are  as follows: 

1. OBSERVATION DESIGNER: This computer program is an improved 
version of POINTER,  the standard VikinglVoyuger program for designing 
scan platform sequences. I t  generates a scan platform sequence, given 
the  type o f  observation required and the geometry at the target. Flight 
sequences are  generally the products of numerous iterations in which 
science requirements a re  translated into sequences that are 
implementable. Observation Designer will cut the time required to 
generate scan platform sequences. Because the program is designed to 
operate  o n  minicomputers, the scientist can, at his home institution, 
perform preliminary design of sequences before large investments are 
made  by sequence teams. As a result of Observation Designer, cost 
savings of  ten to 15 percent in sequence development and integration 
a n d  50 percent in the design of scan platform observations can be 
expected. 

2 .  TZMELZNE GENERATOR: Sequencing is primarily a scheduling 
problem. Observation requirements of different instruments commonly 
conflict with one another.  Sequence teams must constantly shift 
observations to eliminate conflicts and to better satisfy geometric and 
t iming requirements. Most timelines a re  currently generated manually. 
T h e  process is slow, requiring extensive redrafting between successive 
versions so that designers a re  often working with out-of-date timelines. 
T h e  timeline generator will bypass the time-consuming process of 
manually updating timelines and it is expected to reduce the costs of 
integrating sequence requests by 35 to 60 percent. It will also have 
more  general application in the scheduling of all mission support 
activities. 
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3. SCIENCE OPPORTUNITY ANALYST: Several requirements normally 
have to  be met for a successful science observation. Commonly, a 
specific part  of  an  orbit must be viewed within a certain range and 
u n d e r  particular viewing and illumination conditions. T h e  viewing 
conditions and opportunities a re  generally changing rapidly as the 
spacecraft position changes. Scheduling the observations so that all the 
requirements a re  met is normally done by trial and error  and 
commonly depends on an analyst’s intuitive grasp of all the motions. 
T h e  Science Opportunity Analyst will reduce the time it takes to find 
opportunities by taking the science requirements and systematically 
searching the timeline to place the observations. Manpower savings 
could be as much as an additional 18 percent in the area of sequence 
develop men t . 

4. TELEMETRY MONITOR AND FAULT ANALYST: This tool examines 
the  telemetry stream from the spacecraft and compares it with the 
timeline. I t  then gives an alarm if discrepancies are  found between the 
anticipated and actual telemetry streams; the tool also begins the fault 
diagnosis activity. Automated alarm systems are  currently used to 
monitor spacecraft, but these are  static systems which simply alert 
analysts when spacecraft limits are  violated. This new program 
compares  expected spacecraft activity as indicated by the command 
sequence with actual activity, a job currently performed manually. 
Expected savings a re  30 to 40 percent in real-time operations support. 

5.  REMOTE NON-INTERACTIVE COMMAND MANAGER: This tool 
permits a scientist to send certain commands to his instrument without 
time-consuming interaction with the spacecraft command team. 
Commands will be restricted to those, such as changing a gain state, 
tha t  have n o  effect o n  the rest of the spacecraft. T h e  procedure was 
followed o n  Pioneer Venus and is standard practice on many Earth- 
orbit ing satellites. T h e  tool receives a command from an authorized 
user,  checks the command against an approved command list, requests 
t ime for transmission, and,  after other appropriate checks, allows the 
command  to be sent to the spacecraft. I t  is expected to result in 35 to 
50 percent savings in spacecraft commanding. 

6.  SEQUENCE PLANNER: During sequencing, analysts receive large 
numbers of activity requests, each having a specific set of requirements. 
T h e  analyst must search files to find opportunities, and check to 
ensure  that the observation or activity does not clash with some other 
activity or violate some mission constraint. Currently, the process is 
iterative. time-consuming, and manual. This tool assists the analyst in 
providing possible solutions to difficult scheduling problems. 
Manpower savings range u p  to 30 percent in sequence development, 
integration of  sequence requests, and preparation of flight operations 
schedules. Some of the same techniques used for the Timeline 
Generator  would also be used by the Sequence Planner. 

Taken  altogether, these six specific automation tools represent a 
package that  would greatly improve the efficiency of the sequencing 
process and  hence reduce operations costs. T h e  savings to the total 
MO&DA budget for a typical, complex Mariner Mark ZZ mission like the 
Comet RendezvouslAsteroid Flyby mission might be as much as nine percent. 
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Data System Standards 
This  task explored the cost benefits that might accrue if both the 
operational data and the data handling processes during the mission 
operations were designed to conform to a set of standards. T h e  seven 
data  system standards considered in the task were as follows: 

1. Telemetry Channel Coding. This standard would require all data 
coded on a spacecraft to use one of a predetermined set of coding 
a1 gori t hm s . 

2.  Packet Telemetry. This standard would require data generated by the 
science instruments and engineering subsystems on-board the 
spacecraft to conform to a common data structure. 

3. Packet Telecomrnand. This would require all ground commands to 
any spacecraft to conform to a common data structure. 

4. Time  Code Formats. This would require all spacecraft and ground 
systems to use a common format for time, and to select that format 
f rom a predetermined set of formats. 

5 .  Standard Format Data Uni t .  This would require use of a common data 
structure for transfer of data between anv and all elements of the 
g round  data system. 

common frequency bands, ground timing stability criteria, and 
command,  telemetry, and ranging bandwidths between and within 
all facilities and agencies participating in the planetarv mission 
operations. 

7 .  Radiometric and Orbit Data Formats. This standard would require the 
use of  a common data structure for the radiometric data and a 
common set of conventions for the models and coordinate systems 
used to process the radiometric data by all agencies participating in 
the planetary mission operations. 

These  standards would have to be implemented during the spacecraft 
a n d  g round  system design and development processes; benefits during 
mission operations would come from simplification of the operations 
process. 

degree  to which the data system standards would reduce the cost of 
mission operations. Use of the standards would, however, provide a 
mechanism for achieving effective cost reductions in the mission 
operations,  and  would result in the performance of certain operational 
tasks in a more efficient manner.  Imposition of these data system 
standards would also enable more use of automation for routine 
activities, allow for greater sharing of trained personnel and equipment 
between projects, and simplify the operational planning, testing, and 
execution processes. In  addition, using the standard format data unit 
will greatly simplify the entire process of  archiving data. 

6 .  Radio  and Frequency Modulation. This would require usage of 

T h e  results of this task indicated that it is not possible to quantifv the 
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1 6. Sciencehues 

I n  the course of the MOIS Subcommittee activities, many issues were 
raised that required responses from the scientific community. Several 
members of  the MOIS Subcommittee have served as principal investi- 
gators o n  one  or more of the NASA planetary missions, and it was their 
role o n  the Subcommittee to represent the  science position. In this 
chapter ,  the most important points made by the scientific members of 
the  Subcommittee o n  the science issues raised during the Subcommittee’s 
discussion have been summarized. 

SCIENTISTS’ INVOLVEMENT IN MISSION OPERATIONS 

O n e  of  the characteristics of the SSEC Core Program concept is the 
increased emphasis on controlling costs in the definition and 
implementation of  planetary missions. I t  is likely that, early in the 
process. trade-offs will be made that significantly affect the scientific 
re turn  from many missions. To ensure that the effects on science 
re turn  a re  understood, it is important that scientists with appropriate 
experience be involved in all stages of mission operations. This 
involvement should include system planning (at both the broad mission 
class level and the more detailed level of individual missions), 
implementation (particularly in sequencing, uplink and downlink 
control,  data rate, and data storage), and execution. It will be the 
function of these scientists to represent and protect the interest of the 
investigator: to understand the cost/risk/schedule/science trade-offs 
a n d  to convev this understanding to the larger investigator communitv; 
a n d  generally to advance the concept of “most science for the dollar.” 
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ANNOUNCEMENT OF OPPORTUNITY (AO) AND SELECTION 

During the  execution of the SSEC Core Program Missions. especially for 
t he  later missions in the Plnnotcir? Oh.spr71pr and MarinPr Mark II classes. 
t he  basic Mission Operations System (MOS) will already be in place at 
t he  time of issuance of the mission XOS. Because MO&DA activities form 
a substantial portion of science investigation costs, it is desirable that 
respondents to the A<) be able to make realistic estimates of their 
MO&DA costs. T h e  A 0  should therefore contain an adequately detailed 
description of the MOS. Proposals should contain an outline of the 
investigation operations plan and should identify those elements of it 
that  exceed the capabilities of the  os described in the .40.  together 
with the  importance of such elements to the investigation. T h e  
selection process can then include estimates of the cost to the project of 
operat ing each investigation, and these estimates would be factored into 
the  selection in much the same way as integration costs. 

We also note that a careful match of the mission resources envelope 
a n d  the  selected payload’s resource requiremerits is important. since 
the  resource partitioning and schediiling required by an o\.ersubscribed 
envelope have a substantial adverse impact on operations costs. 

IMAGE PROCESSING COSTS 

T h e  costs of processing the imaging data from planetary missions have 
in tile past been much larger than for other kinds of data. These costs 
a r e  driven partly by the sheer volume of the data. and partly because 
the  very great scientific and public interest in the images has led to a 
processing system geared to the rapid production and wide distribution 
of a complex set of finished image products. Other  cost drivers include 
the  use of high overhead general-purpose mainframe computers in the 
production process. and the reprocessing necessitated by revisions. 
frequently long delayed, to the SEDRS. 

T h e  subcommittee believes that there a re  substantial cost savings to 
be made  by rethinking the image processing system in the light of 
modern computer technology. T h e  advent of efficient minicomputers 
makes possible a distributed processing system. which can take 
advantage of computing power already existing at investigator 
institutions. I t  also allows the replacement of image hard copy in  
scientific analysis by computer-compatible and “volatile” images. Both 
of these considerations reduce the pressure on (and therefore expense 
of) t he  primary image processing system zt JPL.. allowing this system to 
take efficient account of production factors when determining its scope 
a n d  throughput.  T h e  Subcommittee also feels that it would be 
worthwhile to consider relaxing the  time requirement on the mission 
Preliminary Science Reports, in the interests of further reducing 
th roughpu t  demands on the image processing system. 

SEQUENCING 

Sequencing. the translation of plans for observations and for spacecraft 
a n d  instrument operations into a detailed command stream that will be 
uplinked to the  spacecraft, involves the balancing of an exceedingly 
complex set of- requirements and constraints imposed by the manv 



parts and  subsystems of the spacecraft. Because both the understanding 
o f  spacecraft characteristics and t h e  observing requirements change 
with time as the mission progresses toward encounter, sequencing is 
necessar-ilv a n  iterative process. The coriiplexity arid the rieetl f o r  
iteration a r e  both significant cost drivers in the sequencing process. 

o f  them a r e  already being used in the  design of new sequencing 
systems. T h e  complexity and some of the need for iteration can be 
reduced by making maximum provision for  “non-interactive” 
instrument  commands (that is. commands which ha1.e no  effect on 
o t h e r  spacecraft subsystems) and by providing to the  investigators the 
tools for “pre-sequencing.” bv which the investigator can “wring out” 
his observing requirements before submitting them to the sequencing 
team. O n  flyby o r  rendezvous missions, where the need to maximize 
t h e  science return requires the full utilization of all sequencing and 
uplink resources. it may be ilseful to explore the sequencing of certain 
kea observations first. so that conflicts are uncovered early and can be 
resolved Lvith minimum impact. On  mapping missions. where the 
scientific return depends heavily on the completeness and unif-ormity 
of  t he  acquired data set. greater resource margins should be retained 
d u r i n g  sequencing so that unforeseen e\’ents can be accommodated 
without a n  adverse effect on  the scientific return.  

T h e r e  a re  several ways in which the process can be simplified: some 

SUPPLEMENTARY EXPERIMENT DATA RECORDS 

Many scientific analyses performed on data from planetary missions 
requi re  the  accurate location of individual instrument measurements 
in a particular frame o f  reference (most commonly. on the surface of 
t h e  target body, but also in such frames 3s the  rotating magnetic frame 
o f  Jupiter). This information is traditionally supplied to the investigator 
in  the  Supplementary Experiment Data Record, or SEDR, the format and 
content  of which is determined early in mission development. SEDRS 
contain a very large number of geometric parameters that are derived 
f r o m  the  basic trajectory and pointing information. This is because, 
since the  SEDR is the only means by which their data location needs will 
be  met,  investigators request a larger set of parameters than they 
ultimately need. T h e  SEDR system has become very costly and inefficient 
because of  its large size, wide distribution, and frequent revision as the 
basic information set (trajectory and pointing) is improved. 

T h e  Subcommittee feels that the impact on data analysis costs o f  
alternative means of providing data location information should be 
examined. O n e  such alternative is to provide the investigators with 
access to cur ren t  tra.jectorv and pointing information. so that they can 
compute  their own location parameters, thus  avoiding the updating 
delays involved in the SEDR production system. Resources currently 
expended  in the  production and distribution of %DRs could then be 
used instead to accelerate the production of the definitive version of 
t he  basic tra-jectory and pointing information sets. 
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7. Transition Period Assumptions 

O n e  of the primary functions of the MOIS Subcommittee was the 
determination of methods by which mission operations costs can be 
reduced for the SSEC Core Program Missions. T h e  first two of these 
missions, the Mars GeosciencelClimatology Orbiter (MGco) and the Mariner 
Mark I I  Comet RendezziouslAsteroid Flyby (CRAF) ,  are  scheduled to be 
launched in 1990. As the work of the Subcommittee progressed, it 
became apparent that a significant key to achieving lower-cost mission 
operations in the 1990s was the successful completion of several 
activities dur ing  the time between 1984 and 1990. This time period has 
been called the Transition Period. 
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T h e  quantitative results presented in this report are dependent upon 

I .  Design, development, and implementation of the 

Work o n  the  SFOC (Space Flight Operations Center) is currently 
u n d e r  wav at JPL and operational certification is due  in 1988. This 
major update  to the  planetary operations capability at JPL. among other 
things,  replaces outdated computing equipment with more modern 
machines and  makes use of state-of-the-art interactive data base 
systems. I t  also allows both science and engineering personnel to live in 
a location remote from the sFOC and to communicate with it 
electronically. T h e  SFOC is basic to the operational concepts suggested 
in this report .  Without substantial implementation of the SFOC. the 
total costs of mission operations for the FPSO component of the MO&DA 
costs d u r i n g  the 1990s will be higher. 

all of t he  following activities being completed prior to 1990: 

s p a c e  Flight Operations Center ( S F O C ) .  

2 .  Expansion of Flight Project Support Office (FPSO) 

It is currently planned that the data records. mission control. and 
image processing functions. all of which have been funded directly by 
t h e  flight projects in the past. will be transferred to and integrated into 
the  FPSO prior to 1990. T h e  costs allocated to FPSO in the charts in the 
next  section assume all these functions are part of FPSO during the 
mission operations for the SSEC Core Program Mission model. 

multi-mission functions. 

3 .  Development of automation prototypes. 

At the  present time design of the kernels of the automation tools 
tha t  will reduce costs for the planetary missions of the 1990s is 
progressing at JPL. T h e  MOkD.4  cost calculations for the SSEC Core 
Program Mission set in some places asstinie that prototypes of these 
automation tools exist by the late 1980s and that individual flight 
pro.jects need only do modest customizing of them to reap the reduced 
operations costs. T o  achieve these prototypes. the current program of 
automation tool design and development mus t  be continued. 

4 .  Organization of Planetary Observer and Mariner Mark I1 projects. 

To benefit in a major way from shared operations. changes must be 
m a d e  in the  way thatJPL organizes its flight projects. Another of the 
transition period assumptions made bv the MOIS Subcommittee is that 
t h e  Option 2 organization (or something similar) discussed earlier in 
this repor t  will be in place prior to 1988. 

5. Data  system standards and spacecraft commonality. 

During the  Transition Period. those activities necessary to ensure 
tha t  da t a  system standards can be adopted and common spacecr a f t can 
be flown during the 1990s are assumed to take place. 
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8. Synthesis of Trade Study Results 

As part  of the MOIS Subcommittee activities, various past missions 
were studied to understand which operations functions contributed the 
largest portion to the overall mission operations costs. Using the cost 
category breakdowns adopted by the JPL study team and the 
Subcommittee (which are  given by Figure 5 in Chapter 4). the 
percentages of total costs that can be attributed to each category for 
the Voyager mission, for example, are shown in the pie chart of Figure 
1 I .  Of particular interest in this chart are the costs for the spacecraft 
planning and analysis task and the sequencing task; most of the 
significant cost reduction suggestions are aimed at these two categories. 
Another  significant area of cost is image processing. One measure 
of the increased operational efficiency that will result from the 
implementation of the SFOC is that. after the SFOC is operational. the 
multi-mission FPSO (of which SFOC is a part) will be able to absorb the 
image processing functions-as well as the data records and mission 
control functions-with no net increase in the FPSO budget. 

JPL designed and implemented a software model that would quickly 
and  accurately estimate the MO&DA costs for planetary missions. This 
model, which operates on a set of parameters that describe a mission or 
set of missions, was validated against the Voyager and Galileo data bases 
and  then  used, as part of the Subcommittee effort, to evaluate the 
impact of proposed mission operations changes on MO&DA costs. All 
of t he  quantitative results discussed in this section came from the model. 
A brief description of this computer model has been included as 
Appendix 11. 

T h e  basic goal of the Subcommittee in using the model was the 
determination of the MO&DA costs for the entire SSEC Core Program 
Mission set as a function of the way that mission operations would be 
conducted. To accomplish this, the key parameters for each of the Core 
Program Missions were defined and used in the model under several 
different assumptions about mission operations. To establish a baseline 
(and  also to calibrate the model), the first study estimated the MO&DA 
costs of flying the SSEC Core Program Mission set (given in Figure 3 of 
Chapter  3) using today’s mission operations technology. Figure 12 
shows the  results of that study, indicating that the average MO&DA costs 
without improvement would be above the SSEC guideline. 

T h e  second study changed the governing assumptions about the 
mission operations system that would be used during the SSEC Core 
Program Mission Model time period. For this second study, it was 
assumed that all the significant elements of the SFOC (Space Flight 
Operations Center), currently in its initial development phase at JPL, 
would be in place and that the multi-mission FPSO, now more efficient as a 
result of SFOC, includes as planned the functions of image processing, 

At the  urging, and under  the supervision, of the MOIS Subcommittee, 
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mission control, and data records. Figure 13 compares the resulting 
MO&DA costs for the SSEC Core Program Mission Model with the costs 
obtained if today’s technology were used. Clearly, the successful 
implementation of SFOC and  the transfer to FPSO of additional functions 
a r e  vital contributions to reducing operations costs in the 1990s. 

T h e  model was also used to determine the MO&DA cost reductions that 
would result from the automation and shared operations concepts 
studied as part of the Subcommittee effort. Figures 14 and 15 
demonstrate  the additional operations cost savings that could be 
achieved for the sSEC Core Program as a result of automation and 
shared  operations. 

O n e  additional cost analysis was performed using the model. 
Based on  an analysis of the V o y a p r  mission operations. i t  is clear that 
“learning” acts, after a period of time, to reduce the manpower required 
(and  hence the costs) to f ly  planetary missions. If the Mariner Mark ZZ 
a n d  Observer spacecraft designs adhere to standards, and each family of 
spacecraft has a significant degree of commonality within the family, 
then  “learning” will play a significant part in reducing operations costs 
fo r  each member of the family (either Mariner Mark ZZ or Observer) 
launched after the first one. T h e  maximum potential savings from 
“learning” a re  indicated in Figure 15. 

should significantly reduce MO&DA costs for the SSEC Core Program 
Missions have been identified. T h e  challenge now is to implement 
these methods and continually search for additional techniques to 
lower the  costs of operations. 

From these charts, one striking conclusion is apparent. Methods that 
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9. Conclusions and Recommendations 

T h e  major conclusions of the MOIS Subcommittee are of two 
fundamentally different types: those that are  derived directly from 
the  specific study tasks performed during the Subcommittee activity; 
and  those that are more general and qualitative in nature. 
Recommendations have been formulated based on both kinds of 
conclusions, and the two types are presented separately in the 
discussion below. 

Specific Recommendations 
T h e  MOIS Subcommittee, having assessed the results of the JPL study, 
f inds that the SSEC MO&DA target cost will clearly support the SSEC Core 
Program dur ing  the period 1990 to 2000. In fact, expenditures were 
conservatively estimated to average $55 million per year, based upon 
the JPL study results. 

of SFOC plans and on the incorporation of organizational changes, 
mission operations sharing, automation, spacecraft commonality, 
and  the transfer of additional functions to FPSO. T h e  result is also 
dependent on retaining the key constraints that define the characteristics 
of the missions in the SSEC Core Program. 

T h e  Subcommittee believes, if the above activities are carried out, 
that  a combination of reduced conservatism in the estimation process 
and  the identification of additional savings will result in further 
reductions of $5 million to $10 million per year. 

those activities which will lead to the realization of these MO&DA 
cost savings. 

1. Based on the data shown in Chapter 8, it is clear that the 
modernization of the existing operations facilities at JPL and the 
transfer to the multi-mission FPSO of the image processing, mission 
control,  and  data records functions will powerfully reduce the costs of 
mission operations for the SSEC Core Program. T h e  new Space Flight 
Operations Center (SFOC) will be modular in nature, will perform 
the telemetry and command functions for all missions using a new 
generation of commercial minicomputers and microcomputers, and 
will be designed to accommodate remote work stations. Once the 
SFOC is completed, significant manpower savings in hardware and 
software maintenance as well as software development and sustaining 
engineering will be realized. These manpower savings will allow FPSO 
to perform the added multi-mission tasks with no net increase in 
staffing. 

We recommend that the SFOC development and the FPSO plans 
to accommodate the new multi-mission tasks become high-priority 
projects and that a regular set of reviews be established to ensure 
their timely completion. 

This result is strongly dependent on JPL’S continuing implementation 

We recommend that NASA continue to fund, in a timely manner, 
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2. O n e  of the major findings of the MOIS Subcommittee is that the 
efficiency of  the implementation of the cost reduction concepts is a 
function of the organization structure used for development and 
operations.  To reduce costs, it is clear that both the Plunelary Oherzwr 
a n d  M a r i n ~ r  Mark ZZ programs must be organized to provide a common 
focus and  incentives for such activities as: personnel sharing between 
projects; development and use of common spacecraft subsystems, 
software, and even science instruments; optimization of the total 
mission costs by “correct” trade-offs between development and 
operations;  and  maximization of the benefits of the learning process 
by the operations team. 

We recommend that NASA and JPL continue to move rapidly to 
establish an organizational structure for the SSEC Core Program that 
merges each family of spacecraft into a single program office and  
provides  appropriate incentives so that cost reduction concepts can 
be  easily implemented. 

3.  T h e  primary category of costs for planetary mission operations is 
manpower.  Automation offers the potential to replace some labor- 
intensive tasks with computer models and tools. T h e  automation effort 
u n d e r  way dur ing  the past couple of years has identified several tools 
which, when their combined effort is analyzed, could significantly 
reduce MO&DA costs. 

those functions in  mission operations that can be replaced by 
automated tools in such a way that total MO&DA costs are  reduced. 
We also recommend timely implementation of the specific automated 
tools that  a re  identified in  this report as having significant potential 
f o r  reducing  costs. 

adoption of data system standards. These standards will greatly 
simplify the mission operations process and will lead to cost reductions 
by encouraging personnel sharing across projects as well as the 
development of common software for such tasks as sequencing and 
data  records. Data analysis will be simplified as a result of the ease with 
which different data sets can be reduced and compared. Science data 
archiving will also be simplified. 

We recommend that the current data system standards activity be 
ex tended  to search for other areas where data standards might lead to 
addi t ional  simplification in  the mission operations program. 

Subcommittee and the JPL study team was the creation of a computer 
model  that  allows reasonably fast, reasonably accurate computation of 
mission operations cost as a function of the mission being flown and 
the  underlying mission operations process. T h e  model is extremely 
helpful in understanding the way in which mission design and/or 
mission operations design changes impact total mission operations 
costs. 

and updated as required, and that i t  be used regularly to evaluate 
mission operations costs for planetary missions. 

We recommend the continuation of a vigorous effort to determine 

4. T h e  international community is already moving toward the 

5 .  O n e  of the most valuable results of the work between the MOIS 

We strongly recommend that this computer model be maintained 
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General Recommendations 
In  addition to the quantitative results and specific conclusions of the 
preceding section, the MOIS Subcommittee arrived at a number of 
more  general assessments. T h e  Subcommittee believes that the 
adoption of the recommendations based on these assessments will 
create a n  environment conducive to realizing the cost savings 
identified in the  preceding section, as well as additional savings not 
quantified in this study. T h e  topics of these recommendations a re  
as follows: 

I .  CONTINUED INDEPENDENT REVIEW 

T h e  activities of the MOIS Subcommittee have resulted in an 
increased and sharpened focus on the issues influencing M O ~ D A  costs 
for  planetary mission operations. T h e  results suggest that broad. 
generic analysis of the factors affecting mission operations costs by 
people with experience outside JPI. can help identify ways in which 
operations costs can be reduced. 

We recommend continued independent review of all significant 
mission operations development costs and ongoing planetary mission 
operations costs as a stimulus to the development of a regular and 
order ly  process for identifying additional methods and technologies 
to achieve overall cost reduction. 

2 .  MOTIVATION AND INCENTIVES 

O n e  of  the ma,jor thrusts of the MOIS Subcommittee discussion about 
organizational structure was an attempt to define the characteristics of 
operational organizations that would result in personnel being 
motivated, while performing their operational tasks, to seek ways of 
reducing their costs without measurably increasing mission risk. I t  was 
suggested that perhaps some way of creating cost-related performance 
incentives inside the  organization might be an additional way of 
o b  ta i n i n g that mo ti\-a t ion. 

the  operational activities can be “incentivized” so that the members 
of operational teams are  additionally motivated to find ways of 
reducing  costs. 

We recommend that ,a  study be initiated to identify means by which 

3 .  SCIENTIST ROLE EXPANSION 

Almost all the costs of planetary mission operations are associated. in 
o n e  way o r  another,  with the acquisition and/or  distribution of science 
da ta  to the  investigators. Costiperformance trade-offs for individual 
missions o r  across a class of missions inevitably involve questions of 
science value that can best be addressed by representatives of the 
investigators. Operations plans directly impact science return and 
should be discussed in detail with the investigator community before 
a n d  du r ing  development, instead of after the Announcement of 
Opportuni ty  (AO), as is the  current practice. 

We recommend that all AOS for planetary missions include 
operations plans and system definitions and that the investigators’ 
proposals respond to these plans, as well as to the spacecraft 

-- I -  
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descriptions. We further recommend that a mechanism be created to 
ensure the participation of the investigator community in the 
development of these operations plans. 

4.  DEVELOPMENTAL ISSUES 

Although the MOIS Subcommittee charter limited its purview to the 
MO&DA cost elements for planetary missions, many of the factors 
that  will reduce MO&DA costs (for example, personnel sharing, 
organizational changes, and spacecraft commonality) will also 
significantly reduce MOS and spacecraft development costs. T h e  
cost reductions in the development area resulting from the MOIS 
Subcommittee recommendations, as well as the possible identification 
of other  major cost reduction factors, suggest that a thorough look 
at  planetary mission development costs might also be warranted. 

We recommend that NASA consider the creation of mechanisms by 
which planetary mission development costs for the SSEC Core 
Program can be reviewed systematically to identify additional ways 
of reducing the overall costs of the program. 

5.  SUPPLEMENTARY EXPERIMENT DATA RECORDS 

A major source of significant expenditures of MO&DA money in the 
past has been the lack of timeliness and accuracy in the Supplementary 
Experiment  Data Records (SEDRS) provided to the investigators by 
the  flight projects. Many suggestions were made during the MOIS 
Subcommittee discussions on ways to reduce the SEDR costs. One  such 
suggestion involved the project providing the investigators with 
navigation state vectors and the requisite set of computation algorithms 
so that  the investigators could make their own SEDR. 

We recommend that a study be undertaken to review the present 
SEDR generation techniques, as well as their costs, and to analyze 
alternative ways of performing the SEDR function that might 
substantially lower the overall costs. 

6.  OPERATIONS OF SIMPLE SPACECRAFT 

T h e  recent rapid advances in minicomputer and microcomputer 
hardware,  software, and data base management techniques, as well as 
Earth-orbiter experience, suggest to the MOIS Subcommittee that low- 
cost mission operations systems for simple spacecraft can be quickly 
a n d  inexpensively developed. T h e  experience level and quantity of 
manpower required to operate these highly automated ground systems 
should be greatly reduced, and the resulting operations costs should be 
correspondingly low. 

We recommend that NASA investigate the benefits of conducting 
mission operations for the simplest spacecraft at universities or NASA 
centers other than JPL. 



APPENDIX I: Core Program Mission Summaries 

Mars Geoscience/Climatology Orbiter 

Target: Mars 

Spacecraft Class: Planetary Obs~rz~er 

Mission Duration: Cruise . . . . . . . . . . . .  I .0 years 
Encounter . . . . . . . . .  1.9 years 
Total . . . . . . . . . . . . . .  2.9 years 

Candidate Science Investigations 

Gamma-Ray Spectrometer 
Mapping Visual and Infrared Spectrometer 
Pressure-Modulated Infrared Spectrometer 
Radar Altimeter 
Ultraviolet Spectrometer 
Ultraviolet Photometer 
Magnetometer 
Radio Science 

Mission Strategy 

The Mars Geosciencp~Climatology Orbiter mission will 
deliver a single spacecraft to Mars for an extended 
orbital study of the planet’s surface, atmosphere, 
and gravitational and magnetic fields. The 
spacecraft will operate from a near-polar, sun- 
synchronous circular orbit at low altitude (350 
kilometers) and collect data in a repetitive daily 
cycle over one Mars year (687 days). Except when 
performing maneuvers, the spacecraft remains 
nadir-oriented and points the instruments to the 
ground track. All of the instruments are self- 
articulating. Data are collected at a low data rate and 
recorded over a 24-hour period. Once a day, the 
recorded data are dumped to the ground over an 
eight-hour Deep Space Network pass, as data 
collection continues with recording on the second 
tape recorder. All engineering and science data 
will be assembled on the ground in an electronic 
data base. 

Lunar Geoscience Orbiter 

Target: Moon 

Spacecraft Class: Planptnq Obsrrzlrr 

Mission Duration: Cruise . . . . . . . . . . . . . . .  5 days 
Encounter . . . . . . . . . . .  1 year 
Total . . . . . . . . . . . . . . . .  1 year 

Candidate Science Investigations 

Gamma-Ray Spectrometer 
Mapping Visual and IR Imaging Spectrometer 
Radar Altimeter 
Magnetometer 
Electron Reflectometer 
X-Ray Spectrometer 
Solid State Imager 

Mission Strategy 

T h e  Lunar Gposciencp Orbiter mission will deliver a 
single spacecraft to the Moon for an extended 
orbital study of the lunar surface and gravitational 
and magnetic fields. The spacecraft can be 
launched at almost any time and inserted into a 
100-kilometer circular polar orbit. This will be 
followed by a one-year observation period with 
data collected on a repetitive cycle. Except when 
performing maneuvers, the spacecraft remains 
nadir-oriented and points the instruments to the 
ground track. All of the instruments are body- 
fixed or boom-mounted. Data are collected at a 
single data rate (6,000 bps) and recorded over a 
24-hour period. Once a day, the recorded data are 
dumped to the ground over a ten-hour 34-meter 
Deep Space Station pass at 32 kbps. Data collection 
would continue in a simultaneous record and 
playback mode. All engineering and science data 
will be assembled on the ground in an electronic 
data base. 

rfir 
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Comet Atomized Sample Return 

Target: Kopff 1996 Apparition 

Spacecraft Class: Planetary Obserifer (assumes a 
complementary comet rendezvous mission reaches 
the comet before perihelion to provide essential 
ephemeris information). 

Mission Duration: Cruise Outbound . . 1.6 years 
Encounter . . . . . . . . . .  25 days 
Cruise Return . . . . . .  0.3 year 
Total . . . . . . . . . . . . . .  2.0 years 

Candidate Science Investigations 

Sample Collector 
Dust Counter 
Solar Wind Collector 

Mission Strategy 

T h e  Comet Atomized Sample Return mission will 
deliver a single. spin-stabilized spacecraft for a fast 
flythrough of the coma of the periodic comet 
Kopff. During the brief flythrough at a speed of 
14 to 22 kilometers/second, a collector obtains 
samples of the gases and solid particles within the 
coma. The  solid particles are either captured intact 
or vaporized upon impact with the collector, which 
entraps the dust or the resulting condensate. 

Following the encounter, the sample collector is 
packaged into an entry capsule for return to 
Earth. The interplanetary trajectory has a 
resonant period, so that following the intercept of 
the comet at perihelion, the spacecraft returns to 
Earth in a whole number of years after launch. As 
the spacecraft returns to Earth, the entry capsule 
is targeted into the atmosphere for surface 
recovery. The  principal complexity of the mission 
will be the accurate targeting maneuvers for the 
encounter at the proper distance from the comet 
nucleus and for the entry capsule trajectory at the 
end of the mission. The encounter sequence is 
v e r y  simple, requiring only the proper pointing of 
the spacecraft so that dust impacts occur on the 
shielded side of the spacecraft where the sample 
collector is located. The only other instrument is a 
low data rate impact counter, and there are no 
requirements for articulation of the instruments or 
cruise science. A solar wind collector may be added 
as an enhancement. The simplicity of this mission 
depends o n  the assumption that optical navigation 
is not required by the Cornet Atomized Sample Return 
spacecraft to determine the ephemeris of the 
comet, because a comet rendezvous mission has 
reached the comet before perihelion. With 
accurate ephemeris data from the comet 
rendezvous mission, radio navigation is sufficient 
for this mission. 

Venus Atmospheric Probe 

Target: Venus 

Spacecraft Class: Planetary Obsenw 

Mission Duration: Cruise . . . . . . . . . . . .  4 months 
Encounter . . . . . . . . . . .  1 hour 
Total . . . . . . . . . . . . .  4 months 

Candidate Science Investigations 

Neutral Mass Spectrometer 
Gas Chromatograph 
Pressure, Temperature, and Accelerometer 
X-Ray Fluorescence 
Visual Spectrometer 
Cloud Particle Counter 

Mission Strategy 

The Venus Atmospheric Probe mission will deliver 
one probe into the Venusian atmosphere to obtain 
in situ measurements of noble gases, cloud 

particles, sulfur compounds, and the nature of 
lower atmospheric oxidation/reduction. The 
mission can be launched during any of the Venus 
opportunities. which occur every 19 months. The 
probe will be carried to Venus on a simple, 
spinning spacecraft. All science instruments are 
contained in the pressure vessel body of the probe 
and are sequenced by a predetermined load. The 
probe’s shape is designed to perform a pull-up 
maneuver during entry to prolong high-altitude 
measurements. Data will be transmitted directly 
from the probe to Earth at one kilobit per second 
in RAM at 5 I2 bps. The encounter will be 
supported by two stations of the Deep Space 
Network, at least one of which is a 70-meter 
station, to obtain angle data (NA VLBI) and to 
compensate for the probe’s low-gain antenna. Data 
will be transmitted for a total of one hour during 
entry and descent to the surface. The probe is not 
designed to survive surface impact, but if it should, 
two hours of science data could be received. 
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Earth- Approaching Asteroid Rendezvous 

Target: Anteros 

Spacecraft Class: Planetary Observer 

Mission Duration: Cruise . . . . . . . . . . . .  1.2 years 
Encounter . . . . . . . .  0.5 year 
Total . . . . . . . . . . . . . .  1.7 years 

Candidate Science Investigations 

Gamma-Ray Spectrometer 
X-Ray Spectrometer 
Radar Altimeter 
Multispectral Mapper 
Magnetometer 
Charge Coupled Device Imager 

Mission Strategy 

The  Earth-Approaching Asteroid Rendezvous mission 
will deliver a single spacecraft to rendezvous with 
an Earth-approaching or Earth-crossing asteroid. 
For this study, a rendezvous with Anteros in 1998 
is assumed. The spacecraft will be launched from 
the Space Shuttle by a Transfer Orbit Stage. After a 
cruise of about 14 months, the spacecraft will 
perform a rendezvous burn to change its orbit 
from the transfer orbit to that of the asteroid. This 
initial rendezvous is a few thousand kilometers 
from the asteroid itself, outside of its sphere of 
influence. At this point, the asteroid will be the 

brightest object in the sky, so the imaging system 
will be used to help with the final approach 
navigation. Once inside the asteroid’s sphere of 
influence, several scenarios are possible, due to the 
relatively weak gravitational attraction and low 
maneuver energy requirements. Stationkeeping, 
however, may be impractical due to propellant 
demands. I t  is likely that the spacecraft would 
make a series of ever-closer long hyperbolic passes 
at the asteroid, during which much of the surface 
would be mapped and an optimum orbit 
determined. The spacecraft would then either 
orbit the asteroid at an altitude as low as ten 
kilometers or  execute a series of interrupted free- 
falls into the asteroid. At the end of the mission, 
an “as-soft-as-possible” landing on the asteroid 
may be attempted. 

All science instruments are body-fixed or boom- 
mounted and the spacecraft is nadir-pointed. Data 
are collected in both real time and by tape 
recorder, and both real-time and playback data are 
received during a single eight-hour per day pass 
over a 64-meter Deep Space Station. Data 
collection would continue during the pass in a 
simultaneous record and playback mode to protect 
against a missed track. All engineering and science 
data will be assembled on the ground in an 
electronic data base. 

1 .. 
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Dual Mars Aeronomy and Network Orbiters 

Target: Mars 

Spacecraft Class: Planeta?y Obserrler 

Mission Duration: Cruise . . . . . . . . . . . .  0.8 year 
Encounter . . . . . . . . .  1.9 years 
Total . . . . . . . . . . . . . .  2.7 years 

Candidate Science Investigations 

Orbiter 

Neutral Mass Spectrometer 
Ion Mass Spectrometer 
Ultraviolet Visible Spectrometer 
Infrared Sounder 
Retarding Potential Analyzer 
Plasma Particle Analyzer 
Electron Langmuir Probe/Plasma Wave Analyzer 
Magnetometer 
Radar Altimeter 
Doppler Ranging 

Penetrators 

Fluxgate Magnetometer 
Seismometer 
Heat Flow 
Stratigraphy 
Imager 
Meteorology 
Ceochemistrv 
Sun Aspect 
Water Detector 

Mission Strategy 

This mission represents a combination of two Core 
Program Missions, the Mars Aeronomy Orbiter and 
the Mars Network. I t  will be ajoint NASAiESA 
mission with the objective of sending two 
coordinated spacecraft to Mars. Both spacecraft, 
the Mars Aeronomy Orbiter and the Mars Surface 
Probe, are based on ESA's Kepler design. 

The Mars Surface Probe will carry four surface 
penetrator probes that will be independently 
targeted on approach to the planet for atmospheric 
deceleration and surface impact. It will then 
perform an orbit insertion burn so that it can relay 
data from the penetrator to Earth and vice versa. 
T h e  Mars Aeronomy Orbiter will follow 132 days 
later and release four more surface penetrators in 
a similar fashion. Each surface penetrator will 
perform geochemical analysis. water identification. 
heat flow measurements, stratigraphy, imaging, 
and biochemistry. As a network they will collect 
information on seismology, meteorology, and 
magnetometry. 

Two days after the Mars Aeronomy Orbiter has 
released its penetrators it will perform a capture 
burn at Mars and begin taking aeronomy data on 
the magnetosphere, solar wind interactions, upper 
and lower atmosphere, and surface topography. 
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Comet Rendezvous/Asteroid Flyby 

Target: Comet Kopff, Asteroids Namaqua and Luck 

Spacecraft Class: Mariner Mark I1 

Mission Duration: Cruise . . . . . . . . . . . .  4.0 years 
Encounter . . . . . . . . .  2.3 years 
Total . . . . . . . . . . . . . .  6.3 years 

Candidate Science Investigations 

Narrow-Angle Imaging 
Spectral Mapper 
Gam ma-Ray Spectrometer 
X-Ray Spectrometer 
Dust Counter 
Neutral Mass Spectrometer 
Ion Mass Spectrometer 
Dust Analyzer 
Magnetometer 
Plasma Wave Receiver 

Mission Strategy 

T h e  Comet R~n~ez -oous~As te ro i~  Flyby mission will 
deliver a Mariner Mark I1 rendezvous spacecraft 
for a 2.3-year detailed study of the periodic comet 
Kopff during its 1996 apparition. I t  will investigate 
the evolution in Kopffs activity as the solar 
heating changes during its orbit. En route to 
Kopff, the spacecraft will f ly  past the asteroids 
Namaqua and Lucia at a distance of 350 kilometers 
and 2,000 kilometers, seven months and 12 
months after launch, respectively. At about 
perihelion minus 720 days, the spacecraft will 
rendezvous with Kopff at a range of 100,000 
kilometers. After the safety of the spacecraft has 
been ascertained, the spacecraft will make several 
incursions in to  the comet at a range of distances 
from 1,000 kilometers down to 25 kilometers. 
Upon completion, the spacecraft will be placed 
into an orbit about the comet with a semimajor 
axis of 50 to 100 kilometers. Then, safety 
permitting, the altitude will be reduced to three 
radii of the nucleus in order to obtain optimal data 
for the gamma-ray spectrometer. From this orbit, 
it will be able to observe the comet from different 
vantage points with high resolution which will 
allow high-precision measurements such as density 
to be made. As the comet nears perihelion, the 
spacecraft will be repositioned 4,000 to 5,000 
kilometers from the comet on the sunward side in 
order to avoid the hazards due to the increasing 
activity of the comet. Just before and after 
perihelion, the spacecraft will make several drops 
into the comet at a distance of ten kilometers to 
observe comet changes. Post-perihelion, the 
spacecraft will be placed into a ten-kilometer 
orbit about Kopff. The finale will be to place 
the spacecraft in a stable trajectory in the vicinity 
of the comet. 

Saturn Orbiter/Titan Probe 

Targets: Saturn and Titan 

Spacecraft Class: Mariner Mark I1 

Mission Duration: Cruise . . . . . . . . . . . .  6.5 years 

Total . . . . . . . . . . . . . .  9.5 years 
Encounter . . . . . . . . .  3.0 years 

Candidate Science Investigations 

Orbiter 

Narrow-Angle Imaging 
Radar Mapper 
Magnetometer 
Plasma Analyzer 
Plasma Wave Receiver 
Energetic Particles 
Infrared Radiometer 
Visible/Cltraviolet Photometer 

Probe 

Atmosphere Structure Instrument 
Nephelometer 
Helium Abundance Detector 
Net Flux Radiometer 
Neutral Mass Spectrometer 
Gas Chromatograph 

Mission Strategy 

This mission, now referred to as Cassini, will 
deliver an orbiter spacecraft to the Saturn system 
for a three-year orbital study of the planet and its 
rings, satellites, and magnetosphere. A Titan 
atmospheric probe will be carried by the spacecraft 
and targeted into the atmosphere on approach to 
the planet in a sequence similar to the Gnlilro 
probe delivery. Note that this mission combines 
two SSEC Core Program Missions, the Satiirn 
Orbiter and the Titan FlybyIProbe, into a single 
initiative. Probe measurements of the atmosphere 
during a two-hour descent will be relayed through 
the orbiter and back to Earth. After orbit insertion 
and a 160-day initial orbit, the spacecraft will 
conduct repeated close encounters with Titan, 
using the gravity of the satellite to vary the orbit 
geometry and to target for other satellites. The 
orbit period will be reduced to typically 32 days 
between Titan encounters with the periapsis at 
Saturn closest approach between three and six 
radii. This will allow close-in observations of the 
rings and the inner satellites on each orbit. During 
the flybys of Titan at altitudes of 500 to 1,000 
kilometers, a radar instrument will map the 
hidden surface of thgsatellite. In  addition to the 
radar experiment, a narrow-angle imager, an 
infrared radiometer, and a photometer are 
mounted on the scan platform. 
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Uranus Flyby/Probe 

Target: Uranus and Uranian System 

Spacecraft Class: Mariner Mark I I  

Mission Duration: Cruise . . . . . . . . . . . .  7.0 years 
Encounter . . . . . . . .  3 months 
Total . . . . . . . . . . . . . .  7.2 years 

Candidate Science Investigations 

Bus 

Imaging 
Magnetometer 
Energetic Particles 
Infrared Radiometer 
Dust Counter 

Probe 

Atmosphere Structure Instrument 
Nephelometer 
Helium Abundance Detector 
Net Flux Radiometer 
Neutral Mass Spectrometer 
Gas Chromatograph 

Mission Strategy 

The Uranus F/yb?/Probe mission will deliver a single 
spacecraft and a Uranus atmospheric probe to the 
Uranian system for a close flyby encounter of 
Uranus. The spacecraft will approach Uranus 
from about 30 degrees above the equatorial plane 
s o  that the probe can be easily targeted to the 
equatorial region of Uranus. The probe will be 
dropped at about minus 30 days from closest 
approach for a one-hour (20-atmosphere) descent 
mission during which the probe data are relayed 
through the spacecraft to Earth. The spacecraft 
trajectory is adjusted so that the probe entry 
occurs about two hours prior to closest approach. 
Following this event, there are several close 
approaches to satellites (probably Ariel and 
Miranda). After this, the probe relay data return, 
ring plane crossing, closest approach to Uranus, 
and the SuniEarth occultations occur in quick 
succession. The five instruments on board will 
address the questions unanswered by the Voyager 
encounter with Uranus in 1986. 

Main Belt Asteroid Multiple Orbiter/Flyby Missions 

Targets: TBD* Mission Strategy 

Spacecraft Class: Mariner Mark II 

Mission Duration: 
Cruise . . . . . . . . . . . . . . . . .  2 years .. 
Encounters Phase . . . .  4.6 years . .  
Total . . . . . . . . . . . . . . . .  6.6 years . .  
Total Encounters . . . . . . . . . . . .  4 . .  

Candidate Science Investigations 

Imaging 
Magnetometer 
Infrared Reflectance Spectral Mapper 
X-Ray Spectrometer 

The  Main Belt Asteroid Multiple OrhitrrlFlyby 
missions will deliver twin spacecraft (launched 
from the Shuttlelcentaur) to visit several different 
types of asteroids in the Main Belt. The cruise time 
to the first asteroid for both spacecraft will be 
about two years, with a 90-day encounter. The 
rendezvous will occur on the sunside of the 
asteroid at about 3,000 kilometers, slowly moving 
in to about 500 kilometers (permitting imaging at 
a resolution of about five meters per line pair). 
This close approach also allows the other 
instruments to map the surface of the asteroid. 
After this observational period is over, the 
spacecraft is placed on a new trajectory, flying past 
several representative asteroids on its way to a 
second rendezvous with another body 

' *" years 
' 6'0 years 
. 8.6 years 

. . . . . . . . .  5 

* Targets a r e  to be determined. T h e  MOIS cost model 
is not sensitive to the specific targets selected, but i t  is 
sensitive to  the  length and  spacing of the encounters. 
T h e  current assumption is one  60-day encounter 
every 18 months for each mission. 



Saturn Flyby/Probe 

Target: The Saturn System 

Spacecraft Class: Mariner Mark I I  

Mission Duration: Cruise . . . . . . . . . . . . 2.8 years 
Encounter . . . . . . . . . . 80 days 
Total . . . . . . . . . . . . . . 3.2 years 

Candidate Science Investigations 

Bus 

Narrow-Angle Imaging 
Infrared Radiometer 
Radar Mapper 
Energetic Particle Detector 
Dust Counter 
Magnetometer 

Probe 

Atmosphere Structure Instrument 
Nephelometer 
Helium Abundance Detector 
Net Flux Radiometer 
Neutral Mass Spectrometer 
Gas Chromatograph 

Mission Strategy 

T h e  Saturn Flvby/Probe mission, planned for launch 
in May, 1998, will have a mission strategy very 
similar to that of the Uranus FlybyIProbe mission. 
Therefore, with the exception of launch and 
arrival dates, the Saturn FlybylProbe mission is 
assumed to have the same operational 
characteristics as the Uranus FlybylProbe mission 
(described earlier in this appendix). The Saturn 
encounter in March, 2001 will occur while the 
Cassini Orbiter is still active at Saturn, SO 

coordinated measurements by the two spacecraft 
are  expected to enhance the encounter science 
during the flyby phase of the Saturn FlybylProbe 
mission. 
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APPENDIX 11: MOScDA Cost Model Description 

Early in the MOIS Subcommittee’s activities, i t  became apparent that 
a fast. accurate representation of mission operations cost as a 
function of basic mission design. spacecraft design, and mission 
operations parameters was necessary to aid in the process of 
determining methods by which overall operations costs could be 
reduced.  A computer model was developed that featured the 
computation of estimated MO&DA costs for a wide range of mission 
a n d  spacecraft types and different operational concepts. T h e  model 
was structured in such a way that it could estimate costs for 
individual areas of operations (such as navigation, sequencing, etc.) 
to gain insight into the cost drivers for anv particular mission. 
Because the model was to be used to estimate costs for missions 
conducted at JPL,  the computational algorithms acknowledged the 
division of operational responsibilities between the projects and the 
multi-mission support  organization (FPSO). 

fundamental  function that must be performed during operations, 
a n  algorithm exists in the model that relates the number of people 
required to perform that function to the spacecraft and mission 
type. the mission phase. and the underlying operations concept. To 
determine the total manpower requirement (and hence the cost) of 
any  specific mission, the personnel required to perform each 
function a re  simply summed across all the functions. Changes in the 
operational costs for a given mission as a result of adding or 
subtracting science instruments. adding target body encounters, or 
shortening the mission. are  easv to compute. 

Depending on the function, the algorithms are  quite varied in 
s t ructure .  T h e  primary characteristics of the algorithms for project- 
funded  operations functions are shown in Figure 11- 1. For multi-mission 
functions,  the algorithms are  more complex and involve assumptions 
about  whether the institutional capability with its baseline staff is o r  is 
not  saturated at various phases of the mission o r  mission sets under  
s tudy.  

configurations is shown in Figures 11-2 and 11-3. From the 
definitions of  the mission, spacecraft, and operations concept, 1 10 
individual input parameters for the project-funded algorithms can 
be specified, as well as another 40 input parameters for the multi- 
mission algorithms. Before using the model to assess the costs of the 
SSEC Core Program, it was validated against a range of past missions 
of varying complexitv. T h e  validation activity. which used the “as- 
flown” data bases fro’m Vo?ager and the Pioneer Venus Orbiter, found 
that  the estimates of mission cost per fiscal vear were accurate to 
plus o r  minus 20 percent. 

T h e  overall structure of the cost model proved very useful in 
analyzing the cost reductions that would result from shared 
operations.  spacecraft commonality. and automation. Since the 
model is modular in form, it is easy to change input paramaters 
a n d / o r  individual algorithms to compare the costs of different 
operational approaches. 

T h e  basic flow of the computer model is straightforward. For each 

T h e  operation of the model in the single and multi-mission 
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